Flight direction is a major component of an animal's migratory success. However, few studies have focused on variation in flight direction both between and within individuals, which is likely to be correlated with other traits implied in migration processes. We report patterns of intra-and inter-individual variation in flight direction in the large white butterfly Pieris brassicae. The presence of inter-individual variation in flight direction for individuals tested in the same conditions suggests that this trait is inherited in P. brassicae and we propose that a rapid loss of migratory skills may exist in the absence of selection for migration. The magnitude of intra-individual variation was negatively correlated to two surrogates of the potential for migration: mobility and wing length. Highly mobile and longed-winged individuals within the same family were found to fly in similar directions, whereas less mobile and short-winged individuals displayed divergent flight direction compared with the average direction of their kin. There was also a negative correlation between the variance to the mean flight direction of a family and its average mobility, but no correlation with wing length. We discuss these issues in terms of the evolution of traits potentially implied in both migration and dispersal in P. brassicae.
INTRODUCTION
Migration is a process that allows animals to escape from deteriorating environmental conditions to exploit predictable favourable habitats (Liedvogel et al., 2011) . This process involves a suite of adaptive traits, i.e. the migration syndrome, including morphological, physiological, sensory and behavioural characters (Åkesson and Hedenstrom, 2007) . Among these traits, orientation (also called migratory direction or flight direction in flying species) is defined as an individual characteristic by which an animal moves in a given plane or compass direction (Baker, 1978) and is a major component of the migratory success of individuals (Holland et al., 2006) . Indeed, Lepidoptera that migrate in the same regions showed common orientation (Chapman et al., 2010) . To minimize migration time, natural selection should favour those traits that optimize the overall migration speed, including orientation, and help to achieve the so-called optimal migration model (Alerstam and Lindström, 1990; Hedenström, 2008) . As a result, selection on orientation is key in the investigation of the genetic bases of migration (Berthold, 1991; Helbig, 1996; Liedvogel et al., 2011) . This investigation is even more challenging for species with multi-generational migration patterns such as migrant butterflies [e.g. the large white Pieris brassicae (Spieth et al., 1998) , the Monarch Danaus plexippus (Zhu et al., 2009) and the painted lady butterfly Vanessa cardui (Stefanescu et al., 2013) ] especially when only a part of the population migrates [e.g. P. brassicae (Feltwell, 1982) ].
Flying migratory species may exhibit great variation in flight direction (Helbig et al., 1994; Helbig, 1996; Thorup et al., 2007) despite rather high heritabilities of migratory traits in insects (Roff and Fairbairn, 2001 ) and birds (Pulido and Berthold, 2003) . As a result, inter-individual variation in migration routes have been shown to be crucial to enable rapid evolution of migratory behaviours (Berthold, 1996) . However, inter-individual variability is often neglected in both modelling and empirical studies of orientation systems (Thorup et al., 2007) . Even less emphasis has been placed on intra-individual variation, although it might be an essential component of the individual's migratory success because a rectilinear trajectory may enable individuals to reach migratory sites more efficiently. For instance, intraindividual variation in flight direction was low in the butterfly P. brassicae and orientation was stable over lifetime and conditions (Spieth and Kaschuba-Holtgrave, 1996; Spieth et al., 1998) . Inexperienced migrants of the Savannah sparrow Passerculus sandwichensis exhibited more intra-than interindividual variation in flight direction, contrary to experienced migrants, suggesting that homogeneity in orientation plays a fundamental role in the migration behaviour (Moore, 1984) . In addition, heterogeneity was frequent in flight direction in juvenile birds and interpreted as a possible bet-hedging strategy, given that the fitness of a parent's juvenile offspring has been observed to be very variable from year to year (Reilly and Reilly, 2009) . How often such intra-and inter-individual variation is observed and to what extent the long-term persistence of this variation is adaptive remains an open question.
The mechanistic components of orientation are relatively well documented in insects, especially in ants (Vowles, 1954) and in bees (Dyer and Could, 1983; Capaldi et al., 2000) , but less attention has been devoted to butterflies, with the exception of D. plexippus, although this group is key in the study of both migration and dispersal patterns (Stevens et al., 2010) . Pieris brassicae (Linnaeus 1758) is certainly one of the most intriguing migrant butterfly species. This species is well distributed in Europe (from north Scandinavia to the Iberia peninsula including the Balkans), in North Africa and Asia to the Himalayas (see Feltwell, 1982) . It exhibits two to four generations per year from April to November, which are successively involved in the whole migration cycle of the species, and it hibernates with a pupal wintry diapause (Feltwell, 1982) . In general, the spring generation flies northward and the autumn generation flies southward in Europe (Baker, 1968) as a result of the developmental mode (Spieth et al., 1998) . However, P. brassicae shows important variation in flight direction which depends upon the geographic origin of individuals (Spieth and Kaschuba-Holtgrave, 1996; Spieth and Cordes, 2012) and a link between these flight directions and migratory directions has been suggested (Spieth and Kaschuba-Holtgrave, 1996) . Interestingly, butterflies do not change their flight direction during the course of the day or with advancing age, and orientation skills are not essentially influenced by temperature or the sun's azimuth during the adult stage (Spieth et al., 1998) . It has also been suggested that, within the species, only some of the individuals actually migrate (Feltwell, 1982) , which raises the question of the existence of local adaptations in some individuals of the species.
As flight direction is a major component of the migratory syndrome, it is thus likely that it co-evolves with other migratory traits. This suite of traits implicated in the migratory syndrome is also likely to be involved in the dispersal syndrome, where dispersal is defined as any movement with potential consequences on gene flow (Ronce, 2007; Zera and Brisson, 2012) , as they both concern traits related to movement ability. Migration of insects over several generations might even be considered as an extreme form of dispersal, as migration entails colonization of empty habitats and gene flow. In general, dispersal and migration traits exhibit high heritability values but may also be dependent upon environmental factors (Clobert et al., 2009 ). The existence of behavioural syndromes, i.e. suites of correlated behaviours reflecting inter-individual consistency across both time and situation (Sih et al., 2004) , has been described in several insects (Dingle, 2001; Dingle, 2006; Roff, 1992) including P. brassicae, which shows correlations between morphological, physiological and behavioural traits related to mobility (Ducatez et al., 2012b) . To what extent selection on migratory traits can also influence the dispersal response (and the reverse) is an intriguing question of great importance in evolutionary ecology, but so far the relationship between mobility and flight direction has not been investigated in P. brassicae.
To further characterize the mechanisms responsible for the orientation trait in P. brassicae, the present study aimed to (i) quantify intra-and inter-individual variation in flight direction in both natural and breeding families of P. brassicae and (ii) study the relationships between flight direction and other mobility traits to further understand the behavioural syndrome described in P. brassicae.
MATERIALS AND METHODS

Breeding conditions
To assess the role of natural versus captive conditions in the evolution of flight direction, two types of eggs were collected and bred under similar laboratory conditions. The first was composed of four egg clutches originating from a captive breeding programme in Visan in South-East France (Vaucluse) after at least four captive generations. The second was composed of 16 egg clutches collected from the wild in South-West France (Ariège). Of these, 10 originated from Orgibet, two from Montégut-en-Couserans, three from Moulis and one from St-Girons (Table1). Female P. brassicae usually mate only once and lay clutches of full-sibs (Feltwell, 1982) in dark periods) inducing direct development. After hatching, larvae were bred in 40×20×10cm boxes within the same climate chamber, and were fed ad libitum with fresh cabbage. During the first 24h after adult emergence, each butterfly was individually marked and placed in a 1×1×1m breeding cage with a water supply and nectariferous flowers. Males and females were separated regardless of their family and experienced similar densities in the laboratory. In total, 340 butterflies were used in the experiment (Table1).
Flight direction
The assessment of flight direction was performed using a slightly modified version of an experimental design developed previously (Spieth and Kaschuba-Holtgrave, 1996) . It consisted of a large outdoor cage (2×2×2m), the sides of which were covered with gauze, with an octagonal base on which cardinal points were represented. The cage was fixed at exactly the same place in Moulis (Ariège, France) during all the experiments. Each butterfly was tested individually to prevent interactions with conspecifics inside the cage. Butterflies were all kept under similar laboratory conditions before the experiment. In order to slow down their metabolism and therefore to force them to acquire perceptual information before flying, individuals were cooled in a fridge for 30s (5±1°C). They were then immediately placed in a 10×10×10cm box covered by an opaque piece of tissue with an articulated arm that allowed the box to be opened on demand whilst the experimenter stayed outside the experimental cage. Thus, each butterfly was considered naive at the beginning of the experiment, i.e. facing a completely new environment. The direction of the body was randomized for each butterfly at the beginning of the experiment. Individuals were released in the centre of the cage and the first contact with the gauze was used as the measure of flight direction. Two subsets of individuals were tested. The first experiment, to quantify intraindividual variation in flight direction, was repeated 10 times on 10 individuals (1 male and 1 female from field family S and 1 male and 1 female from breeding families A, B, C and D). Replicates were performed at 1h intervals over two consecutive days. Spieth and colleagues (Spieth and Kaschuba-Holtgrave, 1996; Spieth et al., 1998) showed that the main flight direction was constant over time and external conditions. To confirm this finding, this first set of individuals was also used to test whether the first record of flight direction was a good predictor of the mean individual flight direction over time. The first record of flight direction was the variable used in the second experiment where 340 individuals from the 20 families (175 females and 165 males) were used to quantify inter-individual variation in flight direction. Tests were conducted in June and July 2011 between 13:00h and 18:00h in sunny weather and temperatures greater than 25°C. Each butterfly was less than 3days old when tested for the first time because dispersal events as well as migratory movements in females are performed during the first days of life in this species (Blunck, 1954; Trochet et al., 2013) .
Mobility
In butterflies, flight capacity and wing length are likely to be fundamental in migratory behaviours. In addition, these traits have been described as being fundamental to dispersal capacity (Baguette et al., 2000; Berwaerts et al., 2002; Louy et al., 2007; Ockinger et al., 2010; Sekar, 2012; Stevens et al., 2012) . We thus used a measure of these two traits on 70 butterflies (10 males and 9 females in total from breeding families A, C and D, and 30 males and 21 females in total from field families E, G, L, M, O, P and S) to test for their relationship with flight direction. Measurements of mobility were performed prior to flight direction tests.
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One day after emergence, butterflies were individually introduced into a 25×10×10cm plastic chamber perforated at its base, and fixed to a rapid agitator (Vortex Genie 2, Scientific Industries, Bohemia, NY, USA). Experiments were performed at 25±1°C. Each butterfly was allowed to habituate to the chamber for 1min. We then turned the vortex on, which strongly shook the chamber and impeded the perching of the butterfly on the chamber wall, and the butterfly's behaviour was observed for 1min. During the test, the butterfly could either fly or lie uncomfortably at the bottom of the chamber, in a reduced area strongly shaken by the vortex. The time an individual spent flying during the test was calculated, with high values reflecting good mobility. This test has been described previously (Ducatez et al., 2012b) and is known as a good proxy of dispersal in experimental metapopulations (Legrand et al., 2012) . Butterflies were never harmed by the test and previous studies showed that other tested butterflies flew and mated in experimental conditions (Ducatez et al., 2012b; Trochet et al., 2013) .
Wing length
Immediately after the mobility test, butterflies were anaesthetized with nitric oxide in a 10×10×10cm box (Inject+Matic Sleeper TAS, Geneva, Switzerland) and wing lengths were measured using a calliper by the same experimenter.
Statistical analyses
Data analyses were performed using R software version 2.12 (The R Foundation for Statistical Computing, Vienna, Austria) and the circular R-package (Agostinelli and Lund, 2011) . The uniformity of the circular distribution of flight directions both within individuals (intra-individual variation) and within families (inter-individual variation) was tested using Rayleigh tests. Circular ANOVA were then used to compare the distributions of intra-individual (in total and between days) and intra-family flight directions. Spearman's correlation tests were used to assess the relationship between (i) individual mobility or wing length and consistency in flight direction, both in males and in females, and (ii) families' average mobility or families' average wing length and the variance in flight direction of these families. As the values in the mobility test exhibited a clearly bimodal distribution, individuals tested for inter-individual variation were classified into two subsets based on the median of the distribution: (i) individuals with high mobility (flying more than 35s in the mobility test) and (ii) individuals with low mobility (flying for less than 20s in the mobility test). Wilcoxon tests were performed to investigate the difference in the deviation from the mean flight direction of the family in high and low mobility groups. The same approach was used to test for the difference in interindividual variation in flight direction between long-winged individuals and small-winged individuals. Groups were also defined according to the median of the distribution of wing lengths.
RESULTS
Intra-individual variation in flight direction
Among the 10 tested individuals, seven exhibited a preferential flight direction when released 10 times in the cage (all five females and two males with significant Rayleigh tests, Table2; Fig.1 ). The two individuals from a field family had a non-random distribution of flight directions, contrary to individuals in breeding families (five out of eight). Five individuals had a different mean flight direction between the first and second day of recording and all of these were from breeding families (Table2). Females from breeding families flew in a range of angles between 0 and 90deg (i.e. in northerly or Flight direction and mobility in Pieris brassicae westerly directions) although they differed in their mean flight directions (F=4.85, d.f.=3, P<0.01, circular ANOVA). Males from breeding families exhibited very different mean flight directions (F=14.13, d.f.=3, P<0.01, circular ANOVA, Fig.1 ). The first flight direction was generally very close to the average direction of the nine subsequent assays, as suggested by Table2 (mean difference over all individuals between the first assay and the others, 22.59deg), and was always within the 95% confidence interval around the individual mean flight direction. Furthermore, we found a positive correlation between the first assay and the individual average direction (r=0.947, N=10, P=0.013, Spearman's correlation). Altogether, these results provide good arguments to support the use of the first value as a proxy of flight direction in P. brassicae.
Inter-individual variation in flight direction
On average, individuals flew in a northward direction (mean 20.76deg, N=175 and 165 for females and males, respectively, P=0.024, Rayleigh test). In addition, males and females displayed a similar average flight direction (F=0.231, d.f.=1, P=0.632, circular ANOVA). The flight direction of eight out of the 20 tested families, including the four breeding families, was different among siblings (Table3).
In other words, in 12 out of the 16 field families, siblings flew in a similar direction. Additionally, field families exhibited different average flight direction (F=50.58, d.f.=3, P<0.001, circular ANOVA).
Relationship between flight direction and individual mobility
For the 70 individuals tested for a correlation between mobility traits and flight direction, we did not find a difference in mobility between males (N=40) and females (N=30, P=0.283, Wilcoxon test) even though females had larger wings than males (P=0.013, Wilcoxon test). Interestingly, among the 10 individuals tested for intraindividual variation, the standard deviation in flight direction was similar between males (N=5) and females (N=5, P=0.31, Wilcoxon test) as well as wing length (P=0.222, Wilcoxon test). However, males were slightly more mobile (P=0.056, Wilcoxon test).
The standard deviation in flight direction calculated over the 10 replicates performed for 10 individuals was strongly related to mobility and wing length (r=-0.93, N=10, P<0.001 for wing length and r=-0.90, N=10, P<0.001 for mobility, Spearman's correlation). These correlations persisted when considering the sexes separately for mobility (r=-0.9, N=5, P=0.083 in both males and females, Spearman's correlation). The correlation also persisted for wing length in females (r=-0.9, N=5, P=0.083, Spearman's correlation) but not in males (r=-0.7, N=5, P=0.23, Spearman's correlation). Thus, butterflies exhibiting very consistent directions throughout the assays were long-winged and highly mobile individuals (Fig.2) . Importantly, wing length and mobility were themselves highly correlated in these 10 individuals (r=0.91, N=10, P<0.001, Spearman's correlation), although this correlation was not found in the overall sample (r=0.13, N=70, P=0.251, Spearman's correlation). This is probably due to the over-representation of good flyers (i.e. mobile individuals) in the overall sample (mobility 33.1±7.9 and 40.5±20.4s and wing length 23.9±0.98 and 24.4±1.7mm in the subsample and the overall sample, respectively). Also, the subset
The Journal of Experimental Biology 216 (16) composed of highly mobile individuals showed a difference to the mean flight direction of their families that was marginally different from that of the less mobile group (N high =53, N low =17, P=0.058, Wilcoxon test, Fig.3A ). In other words, more mobile individuals tended to fly in directions similar to that of their siblings. In contrast, the same analysis showed that the two subsets of individuals with longer or smaller wings exhibited the same deviation to the mean flight direction of their family (N high =N low =35, P=0.978, Wilcoxon test). There was also a negative correlation between the variance in flight direction of the family and the average mobility (r=-0.684, N=10, P=0.035, Spearman's correlation, Fig.3B ). That is, families composed of individuals with high mobility also displayed a higher consistency in flight direction. The same analysis revealed no correlation between the variance in flight direction and the average wing length (r=0.305, N=10, P=0.271, Spearman's correlation).
DISCUSSION Repeatability and mode of inheritance of flight direction
This study highlights the consistency in flight direction in P. brassicae. Indeed, we have shown that intra-individual variation in flight direction was low when individuals were repetitively subjected to the same experiment. Our estimations were made over 2days, while P. brassicae individuals live for around 10days, and half of the individuals presented different mean flight directions between the 2days of the test. In contrast, Spieth and Kaschuba-Holtgrave (Spieth and Kaschuba-Holtgrave, 1996) showed that flight direction in P. brassicae did not vary with advancing age of individuals. The difference we observed between the 2days of the test may thus be due either to undetermined environmental factors that varied between the 2days of the test or to poor statistical support due to a limited sample size (only five assays performed during a period of 2days). The latter hypothesis is also supported by the observation that individuals showed different flight directions between days 1 and 2 while exhibiting a preferred flight direction over the 10 assays. Our results thus contrast with the results of a study in birds showing that flight direction is likely to vary over a lifetime (Moore, 1984) . Birds are likely to migrate several times over their lifetime, so they will benefit from their previous experience and adjust their flight .001, Spearman's correlation). Flight direction and mobility in Pieris brassicae direction accordingly. According to Newton (Newton, 2007) , age differences in migration patterns can be the result of at least two factors: the timing of annual cycle events, such as moult, and body size or dominance, which depends on age class. In contrast, migration occurs only once in insect species and is probably determined by genetic or epigenetic factors. Interestingly, although individuals showed a general tendency to orientate in northern directions, inter-individual variation in flight direction was found both between and within families, which may have several non-exclusive origins. Flight direction may be inherited in P. brassicae (and may possibly be due to parental effects), which would be consistent with the studies of Spieth and colleagues (Spieth and Kaschuba-Holtgrave, 1996; Spieth and Cordes, 2012) . In the sister species Pieris rapae, Baker also concluded that migratory direction was a selected and inherited trait that was independent of the mother's orientation and was determined solely by the male parent (Baker, 1968) . Alternatively, variation can reflect different responses to environmental cues not measured in our experiment (daytime, wind, larvae density, etc.). Nevertheless, tests were performed under very similar conditions (temperature, sunshine, position of the experimental cage), individuals were bred under similar conditions, and orientation was highly repeatable in this species [see our results and those of Spieth and colleagues (Spieth and Kaschuba-Holtgrave, 1996; Spieth et al., 1998) ]. This gives more credit to the inheritance hypothesis than to the environmental hypothesis. Interestingly, both innate and environmentally induced orientation have been described in migrating birds (Pasinelli et al., 2004; Ogonowski and Conway, 2009 ) and flight direction depends greatly on the flight direction of the mother. Other experiments are now needed to enable conclusions to be drawn on the mode of inheritance of flight direction in P.brassicae, especially as inherited traits related to migration and dispersal have been suggested to have both a genetic (Spieth and Cordes, 2012 ) and a non-genetic basis (Ducatez et al., 2012a) in this species.
In this work, we compared results between field and breeding families of butterflies in the same experiment. Although caution must be taken with regard to our conclusions because of the very limited sample size, in terms of both the number of breeding families (N=4) compared with field families (N=16) and the number of individuals in breeding families (N=8) compared with the number of individuals in field families (N=12-20), this experiment is particularly informative because the comparison between two sets of individuals that either originated from a natural environment or were bred in captivity for several generations has been poorly used in migratory birds (Helbig, 1996) or in insects (but see Nesbit et al., 2009 ). In our design, butterflies kept under breeding conditions for a minimum of four generations did not show consistency in their flight direction, unlike the majority of field families, which may suggest a loss of migratory skills in captive butterflies in a very small temporal scale (only a few generations). This would be congruent with the rapid change of migratory behaviour described in the blackcap Sylvia atricapilla (Berthold et al., 1992) . Results are different in reared butterflies of V. cardui that exhibited a significant bias in flight direction, whereas field butterflies flew in different directions (Nesbit et al., 2009 ). However, this species uses a sun compass to orientate contrary to P. brassicae. An alternative hypothesis would support the existence of different adaptations between breeding and field families because of the different geography of their sampling locations (breeding families are from the Vaucluse and field families are from Ariege, about 400km to the west). Geographical location is a major factor influencing flight direction in P. brassicae because individuals adapt their flight direction to the geographical barriers they face (Spieth and Cordes, 2012) . Nonetheless, variation was observed between families from Ariège, suggesting that the mechanisms underlying flight direction in this species are more complex than simply being geography dependent. Further experimental studies with sufficient sample size are now required to definitely conclude on the existence of a rapid shift in flight direction in P. brassicae and to characterize the mechanisms underlying such variation.
Migration routes and local adaptation in P. brassicae
Our results show that the mean flight direction was skewed towards North. All butterflies emerged in June and July 2011, meaning that they were from the first generations of the year. The northern preference of individuals is thus in accordance with the migratory routes described in P. brassicae, with spring and summer generations migrating northward and autumn generations migrating southward in Europe (Feltwell, 1982; Spieth and Cordes, 2012) . Nonetheless, it is interesting to note that families with uniform distributions in flight direction sampled in the same site during the same period were not all orientated in the same direction (see families J and K in Table 3). This means that migratory patterns may be different in the same geographical region. Several mechanisms can explain this pattern. First, different migration sites may exist in P. brassicae that are genetically determined and have not been described yet. Second, individuals may experiment with different routes to cross the barriers encountered during their migration in northern directions (our field families were all sampled in the French Pyrenees). This hypothesis is congruent with the results of Spieth and Cordes (Spieth and Cordes, 2012) , which showed that P. brassicae butterflies change their flight direction during migration according to the geographic barriers they face. Third, in the case of maternal transmission of flight direction, mothers may modulate the mean flight direction of their progeny either to avoid kin competition when they lay several clutches in the same location or to avoid intra-specific competition when several mothers lay egg clutches at the same place. Finally, different flight directions between families in the same location may account for non-migrating strategies, i.e. resident strategies, corresponding to local adaptations. Feltwell (Feltwell, 1982) (and references therein) suggested that only some of P. brassicae individuals are migrants. More generally, insects are often facultative migrants that respond to changes in habitat availability, quality or level of crowding, reflecting bet-hedging strategies (Holland et al., 2006) . This statement makes sense when considering the variation in flight direction in P. brassicae between individuals of the same families. Indeed, partitioning the progeny into migrant and non-migrant individuals represents a good strategy to limit the negative impact of rapid changes in environmental conditions or to adapt to local favourable conditions. It is noteworthy that local adaptation in P. brassicae has been observed in traits related to migration and mobility (Spieth and Cordes, 2012; Ducatez et al., 2013) .
Relationship with flight performance
The existence of behavioural syndromes has been extensively documented in recent years and appears central to the evolution of organisms (Sih et al., 2004; Sih et al., 2012) . These syndromes rely on a suite of phenotypic traits that co-evolve to determine the behavioural types of individuals. Such syndromes have been extensively studied in the context of migration because migration implies selection on morphological characters for long distance movements (Van Noordwijk et al., 2006) resulting in different characteristics between migrant and resident individuals (Sandberg and Moore, 1996; Lõhmus et al., 2003; Marchetti and Zehtindjiev, 2009 ). For example, Leisler and Winkler showed that migrant birds are generally smaller and have shorter tails and longer wings than non-migrant individuals (Leisler and Winkler, 2003) . Interestingly, P. brassicae is a facultative migrant and exhibits a syndrome related to mobility (Ducatez et al., 2012b) , which could be related to its migratory behaviour. Our results demonstrate that flight direction is correlated to some of these mobility traits, both in males and in females. Although females were larger winged, we did not find any difference in mobility or standard deviation in flight direction between males and females, which suggests that this correlation is a general pattern in the species, and not the result of a divergence in dispersal traits between sexes. In particular, we found a correlation between intra-individual variation in flight direction and mobility for both sexes and between intra-individual variation in flight direction and wing length for females (the absence of correlations for males probably results from the small sample size used to perform the rank test, N=5). It is noteworthy that mobility and wing length were strongly correlated in the subset of individuals used to test repeatability in flight direction. Although the origin of this correlation remains unknown, this means that good performers, with longer wings, exhibit lower variation in their flight direction than bad performers, with smaller wings. Further, the results show that good performers were also those whose flight direction was the closest to the mean flight direction of their families of origin (Fig.3A) , a relationship that was not found using long-winged and small-winged groups of individuals. In other words, highly mobile siblings have a tendency to orientate in the same direction. The observed negative correlation between the variance in flight direction of a family and its average mobility (non-significant result when using average wing length) is also congruent with the hypothesis of a migratory syndrome in P. brassicae involving flight direction and mobility. Altogether, our results are consistent with those of a previous study (Bäckman and Alerstam, 2003) , which showed that fast flying bird species had more accurate heading directions (i.e.
The Journal of Experimental Biology 216 (16)
less intra-individual variation). Future research should focus on the evolutionary mechanisms underlying such interactions between traits as it is difficult to know which traits effectively co-evolved into a migratory syndrome and which correlations are simple by-products of selection acting independently on traits responsible for migration (Pulido and Berthold, 2003; Pulido, 2007; Teplitsky et al., 2011) . The dispersal behaviour also implies a suite of correlated traits that may be the same as those described in migratory syndromes. This implies that dispersers on the one hand and residents on the other hand may harbour the same characteristics. For example, in P. brassicae, dispersers have been shown to exhibit longer wings and higher mobility than residents (Legrand et al., 2012) . Dispersers and residents may also use different types of movements. Dispersal has been described as a mixture of fast directed movements and routine movements (e.g. foraging, mating, etc.) in several butterfly species (Van Dyck and Baguette, 2005; Hovestadt et al., 2011) . Consequently, it has been hypothesized that residents may restrict their movements to the routine type, thus leading to a potential uncoupled evolution of routine and dispersal movements. Such patterns may form the basis of a divergent evolution of flight direction in both dispersers and residents, as the two types of movement require different capacities. To prevent the return to previously visited areas, dispersers should exhibit rectilinear trajectories, implying little intra-individual variation, whereas residents should benefit more from a more accurate habitat exploration, and thus should be able to shift easily between different directions. These differences in types of movement between dispersers and residents would lead exactly to the patterns of intra-and interindividual in flight direction we observed in this study. In particular, the intra-family variation in flight direction (putative presence of residents and dispersers in the same family) can be viewed as a way to maximize the survival of the progeny because some siblings will optimally use the local resources while others will search for new reproductive sites (bet-hedging strategy, see above). Furthermore, the difference in intra-individual variation in flight direction between females and males in our study -all females exhibited a significantly non-random distribution in flight direction in contrast to males (two out of five only) -would explain the tendency of females to disperse more in P. brassicae (D.L., A.T., O.C. and M.B., unpublished).
CONCLUSIONS
To conclude, our results demonstrate that flight direction, a fundamental trait involved in both migration and dispersal behaviour, is probably inherited and highly variable in P. brassicae populations. This study also adds new elements to the mobility syndrome described in P. brassicae. We have shown that highly mobile individuals, which have been described as being more prone to exploration and bolder than less mobile individuals, also have a tendency to keep the same flight direction and to orientate in the same flight direction. Clearly, P. brassicae populations contain individuals with distinct phenotypes corresponding to different migration and/or dispersal strategies, opening the possibility of the co-existence of local adaptations and bet-hedging strategies in this butterfly.
